This study unravels the microstructural mechanisms controlling the mechanical behaviour and austenite mechanical stability in ultrafine grained austenite/martensite (α′/γ) microstructures, created varying the austenitisation heating rate (0.1-10°C/s) and temperature within the start-finish austenite formation temperatures (A S − A F ) in a cold-rolled semi-austenitic stainless steel. A wide spectrum of strength-ductility combinations; i.e. strengths of 900-2100 MPa and elongations up to 25%, were characterised by sub-size tensile testing. The nanoprecipitation of Ni 3 (Ti,Al) in martensite during heating to low austenitisation temperatures rises the strength, while the martensite recovery, enhanced at low heating rates, improves the work-hardening. The high strength of martensite partially suppresses the formation of mechanically-induced martensite during loading, which is enabled with the increase of austenite volume fraction and contributes positively to the workhardening. The heating rate barely affects the mechanical properties of microstructures austenitised close to A F . The austenite ultrafine grain size controls the yield strength, while the decrease in austenite mechanical stability and the α′/γ composite effect increase remarkably the work-hardening with respect to dual (α′/γ) microstructures with larger martensite volume fractions and fully austenitised microstructures. These results will enable the design of microstructures with controlled mechanical behaviour for a wider spread use of similar steel grades.
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Introduction
Semi-austenitic precipitation hardening stainless steels (PHSS) are promising engineering materials suitable for products requiring good corrosion resistance, complex designs and high strength requirements [1, 2] . These steels exhibit good formability in the austenitic (γ) annealed state, which is used for shape forming, and transform into martensite (α′) either under the application of stress/strain [3] [4] [5] or isothermally, when subjected to cryogenic treatments [6] or high magnetic fields [7, 8] . In the martensitic state, the strength can be further increased by precipitation hardening of nano-intermetallic phases [9] [10] [11] [12] . This exceptional combination of strength and toughness is a subject of interest for weight reduction in structural applications and for the development of microstructures that enable a wider spread use of these steel grades [13] .
Considerable work has been done to improve the mechanical properties of high alloyed stainless steels by adjusting the compositions and heat treatments [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The focus of most of these works is on the strengthening effects of either multiple precipitation systems during aging treatments after martensite formation [14] [15] [16] [17] , or the control of the austenite stability and achievement of grain refinement in reversion-treated microstructures [18] [19] [20] [21] [22] 25, 26] . However, the possibility to combine both hardening principles in the microstructure; i.e. precipitation in martensite plus grain-refinement of the austenite with tuned stability, through the adequate adjustment of the processing route is rarely considered. One of the few examples found in the literature is the work of Raabe et al. [27] . Ultrahigh strength steels (1.3-1.5 GPa in ultimate tensile strength) with good ductility (up to 21% of total elongation) are designed by combining partial formation of mechanically-induced martensite, as in conventional TRIP steels, and nanoprecipitation in martensite during aging in low carbon steel, with 9-12 wt. % Mn and minor additions of Ni, Ti and Mo. This evidences the improved mechanical behaviour of high alloyed steels that results from the simultaneous combination of different strengthening mechanisms in martensite/austenite microstructures. However, the complexity of the many microstructural processes involved during the processing of these materials (martensite recovery, precipitation, austenite reversion, grain growth, mechanically-induced martensite formation) makes very difficult to investigate and to control how microstructural modifications might influence their mechanical behaviour.
The present study provides fundamental understanding of the microstructural mechanisms controlling the mechanical behaviour and mechanical stability of austenite on ultrafine grained austenite/martensite microstructures, created under different isochronal austenitisation conditions in a semi-austenitic PHSS. The results of this study will enable the optimisation of processing routes of similar steels for the design of microstructures within a broad window of mechanical properties.
Material and experimental procedure

Material and creation of microstructures
A metastable semi-austenitic stainless steel of composition 12Cr-9Ni-4Mo-2Cu-1Ti-0.4Al (in wt. %) was investigated. The material was received in the form of cold-rolled sheets of 0.45 mm in thickness (92.5% cold-reduction). The cold-rolled (CR) microstructure mainly consists of deformed martensite phase that contains low volume fractions of the intermetallic χ-phase (Fe 36 Cr 12 Mo 10 ) (~0.02) and retained austenite (~0.01) [28] .
In a previous study, the authors investigated extensively the α′ → γ transformation kinetics by ex-situ magnetisation measurements, EBSD and TEM characterisation in specimens isochronally austenitised in the range of starting-finishing temperatures (A S − A F ) of the martensite-to-austenite (α′ → γ) transformation [29] , whereas the present paper focus is on characterising and explaining the mechanical behaviour of ultra-fine grained dual martensite/austenite (α′/γ) and austenitic microstructures based on different microstructural features. In order to do it, ultra-fine grained (UFG) dual martensite/austenite (α′/γ) and austenitic microstructures were produced by partial and complete austenitisation of the CR material under different heating rates (0.1, 1 and 10°C/s) to temperatures in the range between the start and finish austenite transformation temperatures (A S − A F ).
Specimens 12 mm long and 4 mm wide were machined with their length perpendicular to the steel rolling direction and were heat treated in the furnace of an Adamel Lomargy DT1000 high-resolution dilatometer operating in a vacuum atmosphere of 10 −1 mbar. Using heating rates of 0.1, 1 and 10°C/s, the specimens were heated up to different austenitisation temperatures lying in the range A S − A F . After reaching the target austenitisation temperature, the specimens were quenched to room temperature at a cooling rate of 300°C/s. A schematic drawing of the thermal treatments is shown in Fig. 1a . The austenite formed during heating does not transform athermally into martensite during quenching to room temperature. In total, eight conditions were created at each heating rate: seven dual martensite/austenite (α′/γ) microstructures with increasing volume fractions of austenite, produced by heating up below A F , and one fully austenitised microstructure (martensite free), by heating up to A F . Dual (α′/γ) microstructures will be referred to as dual (α′/γ)-γ R , where γ R represents the volume fraction of reverted austenite.
Characterisation techniques
Scanning electron microscopy
The microstructural characterisation, with focus on determining the composition, size and volume fraction of the intermetallic χ-phase, was performed by scanning electron microscopy (SEM). A field emission gun FEG-SEM Jeol J8M6500, equipped with an Oxford INCA energy dispersive X-ray microanalysis (EDX) system, was used. The specimens were prepared by standard grinding and polishing down to 1 μm using diamond paste. The microstructure was revealed by chemical etching with a hot (60°C) Lichtenegger-Blöch solution [30] . The quantification of the χ-phase volume fraction and precipitate size was done on SEM micrographs based on the contrast between the particle and the matrix and using the ImageJ image analyser (version 1.47s) [31] .
Transmission electron microscopy
Transmission electron microscopes TEM-JEM 2100 HT, operating at 120 kV and a 200 kV high-resolution, and Philips Tecnai-G 2 -F20 FEI-TEM, which allows for high performance in S/TEM imaging and nanoanalysis, were used. Transmission electron microscopy (TEM) was carried out using the facilities located at the department of Materials Science and Engineering of the National Taiwan University in Taipei, Taiwan. TEM inspection helped to unveil the nature and determine the size of the nanoprecipitates present in the microstructures, as well as to study the size, morphology and distribution of the austenite formed during heating in selected dual (α′/γ) microstructures.
Discs of 3 mm in diameter were machined from dilatometry specimens by wire erosion. Thin foils were prepared from these discs by mechanical grinding down to about 30 μm in thickness and subsequent electropolishing with a 10/90 perchloric/acetic acid solution, at 17°C and 38 V, using a twin-jet Struers Tenupol-5.
Electron probe microanalysis
A JEOL JXA 8900 M microprobe equipped with a wavelength dispersive spectrometer (WDS) was used to map the chemical segregation present along the cross-section of the steel thickness after heating up to 850°C at 0.1°C/s. A step size of 1 μm was employed. Specimen preparation was done in the same manner as for SEM.
Tensile tests
The mechanical response of the UFG dual (α′/γ) and austenitic microstructures was investigated by tensile tests done on sub-size specimens (see dimensions in Fig. 1b ). Sub-size specimens were machined out of the CR material by wire erosion, with the gage length perpendicular to the steel rolling direction, and heat-treated in the furnace of a LK02 dilatometer. Tensile experiments were carried out until fracture in a universal tensile testing machine with a load cell of 10 kN, at room temperature, and applying a strain rate of _ ε ¼ 5 Â 10 −4 s −1 . At least two tensile tests were conducted per condition to study the reproducibility.
Magnetisation measurements
Magnetisation saturation measurements were used to determine the austenite/martensite volume fractions and, indirectly, investigate the mechanical stability of the austenite present in the austenitised microstructures. Using a quantum design MPMS-XL SQUID magnetometer present at CAI of Physical Techniques of the Complutense University of Madrid, the magnetisation saturation of the whole gauge length of the tensile specimens after fracture, M sat , was measured at room temperature. The martensite volume fraction induced during tensile loading was calculated from: f α0 ¼ M sat =M sat α0 , where M sat α0 represents the saturation magnetisation of pure martensite and yields 146 Am 2 /kg, as described in a previous work [5] .
Results
Creation of ultrafine grained dual (α′/γ) and austenitic microstructures
Fig . 2 shows the evolution of the volume fraction of austenite (solid data points) and χ-phase (open data points) with the austenitisation temperature upon the investigated isochronal conditions (0.1, 1 and 10°C/s). According to our previous study [29] , the α′ → γ transformation proceeds in two steps as a consequence of the chemical banding present in the CR material [28] . Compositional variations of more than 2 wt. % in Ni and Cr were detected by electron probe microanalysis (EPMA) after mapping the whole steel sheet thickness [28] . The inhomogeneous distribution of alloying elements in bands results in martensite with different thermal stabilities across the steel thickness of the initial CR microstructure. The martensite that belongs to Ni-rich (Cr-poor) bands is less stable upon heating than the martensite within Ni-poor (Cr-rich) bands and, thus, it transforms into austenite at lower temperatures than the martensite within Ni-poor bands. This creates a two-step α′ → γ transformation kinetic curve that is observed for all heating rates. Table 1 displays the A S − A F temperatures and the austenite grain size (AGS) of fully austenitised microstructures as a function of the heating rate, which were reported in [29] . With increasing heating rates, the α′ → γ transformation temperatures shift to higher values, which is characteristic of diffusional processes [32] . The volume fraction of χ-phase rises as the austenitisation temperature increases, especially upon 0.1°C/s, and reaches the maximum volume fraction in fully austenitised microstructures, heated up to A F . Therefore, fully austenitic microstructures consist of an austenitic matrix with grain sizes in the sub-micrometre range ( Table 1 ) and a volume fraction of χ-phase of about 0.10 or lower, depending on the heating rate ( Fig. 2 ).
Characterisation of intermetallic phases in selected dual (α′/γ) microstructures
Two different intermetallic phases were identified to form during continuous heating in the steel under investigation: the Ni 3 (Ti,Al) phase and the χ-phase.
The Ni 3 (Ti,Al) phase
The precipitation of hardening nano-sized intermetallic phases involving Ni, Ti, Al, Cu or Mo in martensite is representative of PHSSs and usually occurs in the range from 300°C to 550°C [9, 11, 12] . Therefore, these phases precipitate in martensite during continuous heating before the formation of austenite and, thus, below A S . Fig. 3 shows a BF-and a high-resolution (HR-) TEM micrographs of the martensitic matrix of dual (α′/γ)−0.10 microstructures obtained by heating at 0.1 and 10°C/s up to 650 and 725°C, respectively. Rod-shaped particles in the nanometre scale can be distinguished. Their identification is more difficult in the microstructure heated at 10°C/s, as the precipitates are smaller, their volume fraction is lower and the martensite recovery is less pronounced than after heating at 0.1°C/s. The BF and HR-TEM images of Fig. 3a show that the precipitates grow along two preferred directions, with their axial length parallel to the [011] α′ direction. The compositional Energy Dispersive Spectroscopy (EDS) microanalysis of the particles in the HR-TEM image shows high contents of Ni, Ti and Al compared to those of the nominal composition and suggests a stoichiometry that corresponds to the intermetallic Ni 3 (Ti,Al) phase [33] . The clear identification of the Ni 3 (Ti,Al) nanoprecipitates by means of TEM is difficult, particularly in microstructures heated at 10°C/s, due to diffraction contrast effects that may arise from the thin-foil thickness and the strain contrast from dislocations and crystalline orientation of the precipitates. HRTEM allows the precipitate size to be determined more accurately than TEM; however, the number of particles that can be analysed in this way is low for statistical purposes. Nevertheless, in order to roughly estimate the size evolution of the Ni 3 (Ti,Al) precipitates during heating at different rates, the length and width of the Ni 3 (Ti,Al) precipitates were measured on HRTEM and TEM micrographs of dual (α′/γ)−0.10 and dual (α′/γ)−0.50 microstructures, obtained by heating at 0.1 and 10°C/s to the austenitisation temperatures (T γ ) displayed in Table 2 . The results are presented as the mean and standard deviation values of the length (l) and the width (w). The microstructures heated at 0.1°C/s exhibit somewhat larger precipitates than the microstructures austenitised at 10°C/s. This is to be expected since slow heating rates provide a longer time for the diffusion of the substitutional elements, and thus for precipitate growth, compared to faster heating rates. In contrast, the increase of the austenitisation temperature barely influences the precipitate size, as it can be observed by comparing the dual (α′/γ)−0.10 and dual (α′/γ)−0.50 microstructures for each heating rate ( Table 2 ).
The χ-phase
The χ-phase (Fe 36 Cr 12 Mo 10 ) is an intermetallic that forms in highmolybdenum stainless steels in the range from 600 to 900°C [34] . Therefore, the formation of χ-phase occurs simultaneously with the martensite-to-austenite transformation during continuous heating ( Fig. 2 ). Fig. 4 shows the characterisation by TEM of the χ-phase present in fully austenitised microstructures obtained upon heating at 0.1 and 10°C/s to A F , 825°C and 950°C, respectively. The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) micrograph in Fig. 4a (left) reveals the compositional contrast between the austenitic matrix and the χ-phase based on the atomic number. The higher the atomic number of the elements constituting a phase, the brighter the signal. The high Mo content in the χ-phase, as the EDS microanalysis of the bright-field (BF) TEM micrograph confirms, makes the χ-phase much brighter than the matrix. Two different sizes of χphase were identified. Particles as large as 1 μm were present in the cold-rolled microstructure and were originated during the solidification of the steel [5] . Particles in the nanometre scale; i.e. of 150 nm or lower depending on the heating rate, precipitate during the isochronal austenitisation, mainly at austenite grain boundaries and triple junctions at low heating temperatures above A S , and also intragranularly at temperatures close to A F .
Mechanical behaviour of dual (α′/γ) and austenitic microstructures
Fig . 5 shows the engineering stress-plastic strain (σ e − ε e ) curves of all UFG dual (α′/γ) and austenitic microstructures obtained by isochronal austenitisation up to temperatures within A S − A F . The tensile behaviour of the cold-rolled microstructure (CR) is included for comparison. Similar trends are observed for all heating rates. Microstructures austenitised slightly above A S (645, 680 and 715°C, resp. to 0.1, 1 and 10°C/s) exhibit an increase of yield and tensile strength compared to the CR microstructure. Further rise of the austenitisation temperature decreases the strength and increases the elongation. It is eyecatching the significant yield strength drop observed at intermediate austenitisation temperatures, coinciding with the end of the first-step of the α′ → γ transformation indicated in Fig. 2 by a yellow ribbon. The yield strength drop is accompanied by a significant increase of Table 1 Starting (A S ) and finishing (A F ) martensite-to-austenite transformation temperatures per heating rate (HR). Austenite grain size (AGS) of fully austenitised microstructures heated up to A F [29] . 6 represents the volume fraction of mechanically-induced martensite after fracture against the initial volume fraction of austenite present in the microstructure before testing (γ R ) for partial and fully austenitised microstructures. Fixed volume fractions of untransformed austenite after fracture (γ un ) are indicated by dashed lines as a guide to the eye. The comparison of these lines with the experimental data shows that, irrespective of the heating rate, similar volume fractions of γ un remain after fracture for microstructures with similar initial austenite volume fractions. This indicates that the mechanical stability of the austenite is not much influenced by the heating rate and decreases with increasing austenitisation temperatures. Microstructures austenitised just above A S , i.e. γ R = 0.10, have the highest mechanical stability since no martensite is induced after tensile deformation. Microstructures with the austenite volume fractions up to around 0.45-0.50 exhibit a quite stable austenite as well, given that retain the largest volume fractions of untransformed austenite (γ un ≈ 0.30). Increasing γ R above 0.50 results in a continuous decrease of the γ un and, thus, austenite mechanical stability. Eventually, the martensitic transformation is almost complete in fully austenitised microstructures, particularly for the condition heated at 0.1°C/s, whose γ un ≈ 0.
Discussion
4.1. The influence of the austenitisation temperature on the mechanical stability of austenite Fig. 6 has shown that the mechanical stability of the austenite in partially and fully austenitised microstructures decreases with the increase of austenitisation temperature and, thereby, with the austenite volume fraction. This observation is roughly independent of the austenitisation heating rate. The stability of the austenite is mainly controlled by the grain size [35] , the chemical composition [36] and the stress/strain partitioning during loading [37, 38] . In the steel under investigation, the inhomogeneous distribution of the alloying elements in bands parallel to the steel sheet rolling-direction, observed in the initial microstructure [28] , will influence significantly the thermal/mechanical stability of the austenite present in these microstructures. Fig. 7 shows EPMA line scans of Ni, Cr and Cu across the whole steel sheet thickness after austenitisation at 0.1°C/s up to 850°C (slightly above A F for this heating rate). The composition has been normalized by the nominal composition of each element, which is indicated by the horizontal dashed line. This result shows that, even after slow heating to 850°C, the chemical banding present in the initial microstructure persists [29] . The locations with positive segregation of Ni and Cu (austenite stabilising elements) coincide with negative segregation of Cr (ferrite stabilising element). Thus, in the initial cold-rolled microstructure, the bands with the maximum Ni/Cu contents represent martensitic regions with the lowest thermal stability and thus the lowest A S (coloured in yellow in Fig. 7) . It has previously observed by SEM and EBSD that the austenite nucleates and grows first at these locations during heating [29] . Therefore, the austenite of dual (α′/γ)−γ R ≤ 0.10 microstructures forms within these Ni-rich (Cr-poor) bands and exhibits the highest mechanical stability. Further heating to higher austenitisation temperatures involves the transformation of bands with increasing A S and, eventually, of the Ni-poor (Cr-rich) bands with the highest A S . Following this line of though, the overall mechanical stability of the austenite in dual (α′/γ) microstructures would decrease with the rise of the austenite volume fraction. The last bands to transform to austenite during heating would be the first to transformed to martensite during mechanical loading due to their high-Cr, low-Ni content.
To elucidate if the compositional variations due to chemical banding could be responsible for the decrease of austenite mechanical stability with the increase of austenite volume fraction in dual (α′/γ) microstructures ( Fig. 6 ), thermodynamic calculations of the chemical driving force at room temperature; i.e. molar Gibbs free energy difference between austenite and martensite (ΔG chem γ→α = G α − G γ ), were performed by ThermoCalc software (TCFE9 database). The results are displayed in Table 3 for the nominal composition and the maximum and minimum Ni contents as quantified in Fig. 7 , Ni-rich and Ni-poor, respectively. Compared to the nominal composition, the higher and lower ΔG chem γ→α values of the Ni-rich and Ni-poor bands indicate a higher and a lower austenite stability, respectively. As proposed by Patel and Cohen [39] , the formation of mechanically-induced martensite is possible when the combination of mechanical (ΔG mech ) and chemical (ΔG chem γ→α ) driving forces is lower than the critical driving force needed to initiate the transformation: ΔG cr γ→α ≥ ΔG chem γ→α + ΔG mech . Therefore, the negative/positive increment of ΔG mech required to initiate the transformation within Ni-rich/Ni-poor bands should be at least equal to the difference between the ΔG chem γ→α value of the nominal composition and that of the Ni-rich/Ni-poor bands (represented by ΔG mech rel in Table 3 ). In uniaxial tension, the contribution to the mechanical driving force is proportional to the macroscopic applied stress (σ) as: ΔG mech = − 0.822σ J/mol, as derived by Olson et al. [40] . Substitution of ΔG mech rel in Olson's equation yields the difference in critical stress, with respect to the nominal composition, needed to initiate the martensitic transformation within Ni-rich/Ni-poor bands, which is represented as Δσ cr rel in Table 3 . This analysis reveals that the γ → α′ transformation within the Ni-rich bands requires a higher mechanical driving force and, thus, a higher critical applied stress (83 MPa), than the transformation of austenite with nominal composition. In contrast, Ni-poor austenite transforms at lower critical applied stress (−93 MPa) than the austenite with the nominal composition, represented by the minus sign in Table 3 . Nevertheless, with respect to the nominal composition, these small variations in the critical applied stress induced by the chemical banding (about ±100 MPa) do not explain satisfyingly the results of Fig. 6 . The mechanical characterisation of partially and fully austenitised microstructures gives a spectrum of yield strengths of 900-1950 MPa (Fig. 5 ), which represents a range of mechanical driving forces of 740-1600 J/mol. These values are well above the 400 J/mol calculated as critical to mechanically induce the formation of martensite in the steel under investigation by Geijselaers & Perdahcioğlu [41, 42] . In their works, the steel had been austenitised at 1050°C for 30 s and slowly cooled down to room temperature, resulting in a fully austenitic microstructure of average grain size of 6 μm, as characterised previously by San-Martin et al. [6] . Therefore, compared to the findings by Geijselaers & Perdahcioğlu, the higher mechanical stability of the austenite in dual (α′/γ) and fully austenitic microstructures investigated in the present work might be attributed to the ultra-fine austenite grain size, as also found before in multiphase steels [35] . The decrease in the austenite mechanical stability as the austenite volume fraction in the microstructure increases is not explained by the sole presence of the chemical banding in the cold-rolled microstructure. The role of additional factors in the variation of the austenite mechanical stability, as the inhomogeneous distribution of stresses/strains during loading among the constituent phases [37, 38] , will be discussed in the next section. Fig. 8b shows the evolution of the uniform and total elongation with the volume fraction of austenite. The values obtained for the cold-rolled material are included for comparison as triangles pointed out by arrows and labelled as (CR). Based on the evolution of the strength, three regions can be identified in Fig. 8a . Region ① is characterised by a strength increment of dual (α′/γ)−γ R ≤ 0.10 microstructures with respect to the CR state. In region ②, increasing the austenite volume fraction above 0.10 causes a continuous decay in the yield strength and tensile strength. Further austenite formation above 0.60 drops the yield strength in about 400 MPa, setting the beginning of region ③. Thereafter, the yield strength remains essentially constant and the tensile strength decreases linearly with further increase of the austenite volume fraction in the microstructure. The trend is similar for all heating rates. In contrast to the more complex behaviour of the strength, Fig. 8b shows that the elongation increases continuously with the rise of austenite volume fraction in the microstructure. This dependency is quasi-linear for austenite volume fractions above 0.60. The heating rate barely influences the elongation behaviour, although some scatter is observed around the solid/dashed lines drawn in these plots as a guide to the eye. The influence of the main microstructural parameters behind this mechanical behaviour is discussed in the following sections. For this purpose, the microstructures have been classified as microstructures with a martensitic matrix and microstructures with an austenitic matrix, depending on the predominant matrix phase.
Strengthening mechanisms of UFG dual (α′/γ) and austenitic microstructures
Microstructures with a martensitic matrix
A) Nano-precipitation of Ni 3 (Ti,Al) in martensitic matrix. Fig. 8a shows that the strength of dual (α′/γ)−γ R ≤ 0.10 microstructures increases with respect to the cold-rolled state (region ①) and that lowering the heating rate increases the peak strength and the work hardening ability; i.e. the difference between tensile and yield strengths. On the one hand, this more pronounced yield strength increase obtained by lowering the heating rate is attributed to the formation of larger volume fractions of nanosized rod-shaped Ni 3 (Ti,Al) particles in the martensitic matrix, as characterised by TEM ( Fig. 3) and also observed in similar steels [16] . On the other hand, the improved workhardening ability might depend directly on the increase in the mobile dislocation density and the effective dislocation mean free path in martensite during heating [43] , given that dual (α′/γ)−γ R ≤ 0.10 microstructures do not exhibit mechanically-induced martensite after fracture (Fig. 6 ). The role of the heating rate in the yield strength and work-hardening ability of dual (α′/γ) microstructures within region ① is discussed in the following paragraphs.
Yield strength.
Contrary to carbon steels, the high strength of martensite in the CR state of this ultra-low carbon steel (b0.01 wt.% C) relies on the solid solution hardening effect of substitutional alloying elements and on the high density of dislocations forests generated during cold-rolling, as found also for other ultra-low carbon martensitic steels [44] . However, in the steel under investigation, the strength can be further increased by precipitation hardening during an aging treatment at temperatures around 475°C [9, 11, 12, 45] . The strengthening due to particle- dislocation interaction is described by the Orowan mechanism [46] . The applied stress required for dislocations to bypass spherical precipitates (σ ppt ) depends on the volume fraction (f ppt ) and the size of precipitates:
where μ= 80,000 MPa is the shear modulus, b= 0.286 nm is the magnitude of the Burgers vector and X is the precipitate equivalent spherical diameter, which can be calculated based on the precipitate area of the rod-shaped Ni 3 (Ti,Al) particles. In addition to the precipitation hardening effect, it has to be considered that the precipitation process also reduces the content of alloying elements in solid solution in the matrix (x i α′ ) according to:
where x i is the content of element i in at. %. Therefore, the solid solution strengthening (σ ss ), which accounts for the lattice distortions and local changes in the elastic modulus due to the presence of an element i with respect of Fe, reduces as well as [17] :
where β i is the solid solution strengthening coefficient (Table 4 ) and x i α′ is the composition of the martensite phase in at.%.
To study the influence of the heating rate on the yield strength of dual (α′/γ)−γ R ≤ 0.10 microstructures, the strengthening contribution due to the nanoprecipitation of Ni 3 (Ti,Al) has been analysed. As a first approximation, it is assumed that the increase in the overall yield strength of dual (α′/γ)−γ R ≤ 0.10 microstructures (σ YS (α′/γ)−0.10 ) is mainly due to precipitation hardening and, thus, the contribution of the small volume fraction of austenite (γ R ≤ 0.10), the decrease in solid solution strengthening due to the nanoprecipitation of Ni 3 (Ti,Al) and the martensite recovery (reduction in the contribution from dislocations forests during heating) could be neglected:
where f α′ (=0.90) is the martensite volume fraction and σ YS α′−CR is the experimentally measured yield strength of the martensite in the CR state. Substitution of Eq. (1) in Eq. (4) allows the volume fraction of precipitates to be estimated. Additionally, knowing this volume fraction, the mean spacing between particles (λ) is determined as λ = 4X/6f ppt [46] . The results are displayed in Table 5 for the heating rates of 0.1 and 10°C/s. The f ppt values obtained seem reasonable since a similar volume fraction of Ni 3 (Ti,Al) precipitates (around 0.05) is predicted in equilibrium with bcc-iron in the range from room temperature to 575°C by ThermoCalc software (TCFE9 database). Taking into account the calculated f ppt and the Ni 3 (Ti,Al) compositional analysis by EDS-TEM ( Fig. 3 ), Eq. (3) allows to estimate the reduction in the solid solution strengthening (Δσ ss ) of martensite due to the formation of Ni 3 (Ti,Al). After heating at 0.1 and 10°C/s, the formation of these nanoprecipitates reduces Δσ ss in about 99 MPa and 25 MPa, respectively, with respect to that in the CR state (σ ss = 580 MPa). These values are relatively small compared to the precipitation hardening (Δσ ppt ) values, which makes reasonable the aforementioned assumption.
It was observed by atom probe tomography that Ni 3 (Ti,Al) precipitates form in direct contact with Cu/Ni/Al/Ti-rich clusters within the first 5 min of aging at 475°C [9, 11, 45] . A high density of dislocation forests in the CR microstructure provides a high number density of precipitates within the first few hours of isothermal holding. This causes a continuous hardening effect that raises the strength in about 1 GPa after 72 h of aging 450°C [12] . A significant hardness increase, of more than 100 HV, was also detected in microstructures heated up at 100°C/s to 650°C in the steel under investigation [29] . Although Ni 3 (Ti,Al) precipitates were not observed by TEM in this case, the hardness increase evidences the likely rapid atom cluster formation kinetics in just a few seconds. It is well known that the presence of these clusters/precipitates retard the process of dislocations annihilations during heating. It has been experimentally observed that this retardation is more pronounced the faster the heating rate is [29] . Therefore, it is reasonable to expect the recovery of dislocation forests during heating up to temperatures around A S to be very scarce. In addition, it is important to bear in mind that, on the one hand, f ppt might be underestimated since the decrease in solid solution and dislocation density are not considered by Eq. (4), even if their strengthening contribution is small compared to the precipitation hardening. Besides, given the small precipitate size and difficulty in detecting them by TEM and HR-TEM, it is very hard to determine their size accurately and, thus, f ppt might be underestimated or overestimated. The EDS-TEM compositional microanalysis of the martensitic matrix in the dual (α′/γ)−γ R ≤ 0.10 microstructure heated up at 0.1°C/s yields Ni contents of 5.0 ± 0.4 at.%. The substitution of this value in Eq. (2) results in f ppt = 0.05 ± 0.01, which is very close to the value calculated in Table 5 . In summary, it can be said that martensite softening due to the decrease in solid solution and recovery during heating is much smaller than the hardening due to the nanoprecipitation of Ni 3 (Ti,Al) in martensite, which is the main strengthening mechanism in dual (α′/γ)−γ R ≤ 0.10 microstructures.
Work-hardening.
Since dual (α′/γ)−γ R ≤ 0.10 microstructures do not exhibit mechanically-induced martensite after fracture (Fig. 6) , the workhardening rate would depend on the increase in the mobile dislocation density in the martensite with time upon the applied stress (to comply with the imposed strain rate) and on the effective dislocation mean free path, which determines the mean slip length before the dislocation is annihilated or immobilised [43] . The dislocation mean free path is given by the mean spacing between pinning points such as dislocations, precipitates and grain boundaries. According to the interparticle spacing values (λ) shown in Table 5 , dual (α′/γ)−γ R ≤ 0.10 microstructures austenitised at 0.1°C/s (low λ) should exhibit a smaller workhardening ability than microstructures austenitised at 10°C/s (large λ). However, the experimental observations between the σ YS and σ UTS values in Fig. 8a show the opposite behaviour. Hence, differences in the work-hardening behaviour must originate from the changes induced in the dislocation structure during heating. Although the mutual effect of precipitation and dislocation network on the work-hardening is not well understood yet [43] , it clearly affects the effective spacing between pinning points. As previously observed by TEM by the authors [29] , heating at 0.1°C/s aids the martensite recovery and leads to the rearrangement of dislocation in cells. The dislocation density within the cell walls is high, while it is low within the cell interiors, which facilitates the slip of mobile dislocations. The cell-type of dislocation structure provides a heterogeneous spatial distribution of dislocation pinning points (dislocation segment lengths), which requires a gradient of shear stresses to bow them out and produce plastic deformation [47] . This would explain the continuous yielding effect observed in the microstructures austenitised at 0.1°C/s. Instead, the dislocation network of the CR state does not change much upon heating at 1 or 10°C/s to temperatures slightly above A S and, thus, mainly remains in the form of dislocation forests [29] . It is suggested that the presence of dislocation forests decreases the effective obstacle spacing and, thereby, the slip Table 4 Solid solution strengthening coefficients [17] .
Element
Cr length of mobile dislocations in microstructures austenitised at 1 or 10°C /s compared to microstructures austenitised at 0.1°C/s. This is pointed as the main cause of the work-hardening ability decrease in dual (α′/γ) −γ R ≤ 0.10 microstructures as the austenitisation heating rate is increased. Although the role of the austenite plastic deformation on the work-hardening should not be disregarded, it is not the factor controlling the work hardening of dual (α′/γ)−γ R ≤ 0.10 microstructures.
In summary, the yield strength of dual (α′/γ) microstructures obtained by heating up to temperatures slightly above A S is mainly controlled by the dislocation density inherited from the cold-rolled state and the nanoprecipitation of Ni 3 (Ti,Al) in martensite during heating. The martensite recovery does not adversely affect the yield strength due to the presence of nanoprecipitates; however, it plays an important role in the work-hardening ability.
B) Increase of the austenite volume fraction and martensite recovery. Increasing the austenite volume fraction above 0.10 causes a continuous decay in the yield strength and tensile strength, but improves the work-hardening and the elongation. Dual (α′/γ) -0.60 microstructures exhibit comparable strength values, indicating that the strength of martensite is similar regardless of the heating rate. This behaviour corresponds to microstructures within region ② in Fig. 8a .
The yield strength deteriorates more significantly with the increase of the austenite volume fraction by lowering the heating rate. Since a low heating rate leads to a harder martensite through a larger volume fraction of precipitates, its strengthening contribution becomes less important as more austenite forms. Additionally, the martensite might significantly soften upon slow heating to intermediate austenitisation temperatures due to pronounced changes in the precipitation state and dislocation structure during heating. Table 2 showed, nevertheless, that the precipitate size barely changes by rising the austenitisation temperature. This resistance to coarsen of the Ni 3 (Ti,Al) nanoprecipitates, already observed in previous works during isothermal holding at 450-475°C up to 72 h, is attributed to the formation of a Morich film in direct contact with the Ni 3 (Ti,Al) precipitates in the steel under investigation [12, 45] . However, why the austenitisation temperature during continuous heating seems not to increase the precipitate size is not clear yet. Therefore, the main contributor to the martensite strength loss in microstructures austenitised at 0.1°C/s might come from a more pronounced martensite recovery compared to the microstructures austenitised at higher rates [29] .
The work-hardening of dual (α′/γ) microstructures within region ② increases continuously as the austenite volume fraction rises. These microstructures consist of metastable austenite grains of nano-scale dispersed in a martensitic matrix, which results from a high austenite nuclei density provided during heating by the high dislocation density of the CR state [29] . The microstructure is exemplified by Fig. 9 , which shows a BF and a DF TEM micrographs of a dual (α′/γ)−γ R = 0.60 microstructure obtained by heating at 1°C/s to 730°C. The DF image reveals two austenite grains and the presence of rod-shaped precipitates within the martensite (pointed by red arrows). The continuity of the martensitic matrix rises the strength of the microstructure, while the presence of increasing volume fractions of metastable austenite grains confers with simultaneous enhanced ductility and strengthening via the mechanically-induced martensitic transformation plus the composite effect. The contribution of the martensitic transformation to the work-hardening becomes more important as the austenite volume fraction in the dual (α′/γ) microstructure increases (especially above 0.30) since the austenite mechanical stability decreases (Fig. 6 ). Nevertheless, the extent of the martensitic transformation is lower than expected considering the mechanical driving force applied during the tensile test (as discussed in the previous section). As suggested by Fultz & Morris [48] , the mechanical stability of austenite depends on the energy associate to accommodate the transformation strains by the surrounding martensite. The high hardness of the martensite due to the presence of Ni 3 (Ti,Al) in dual (α′/γ)−γ R ≤ 0.50 microstructures might partially inhibit the γ → α′ transformation due to two possible effects: 1) the stress is not transferred to the austenite during loading since the martensitic matrix carries the main part of the stress, which was referred as "shielding" effect of the martensite by Jacques et al. [49] , and 2) the volume expansion associated to the fcc-to-bcc lattice transformation is not accommodated by the surrounding martensite due to its high strength. Besides the composition and grain size, the above mentioned Table 5 Precipitates size parameters, length (l ppt ), width (w ppt ) and equivalent spherical diameter (X), and interparticle distance (λ) for dual (α ' /γ) − γ R = 0.10 microstructures. f ppt represents the volume fraction of precipitates and Δσ ppt and Δσ ss stand for the precipitation and solid solution strengthening, respectively. "shielding" effects might be responsible for the extra increase of the austenite stability experimentally observed in dual (α′/γ)−γ R ≤ 0.50 microstructures ( Fig. 6 ).
4.2.2.
Microstructures of austenitic matrix: the influence of grain size and χ-phase Fig. 8a shows a pronounced yield strength drop of about 400 MPa in dual (α′/γ) microstructures when the volume fraction of austenite increases from 0.60 to 0.70. Thereafter, the yield strength remains essentially constant and the tensile strength decreases linearly with further increase of the austenite volume fraction in the microstructure. This behaviour is similar for all heating rates and corresponds to region ③ of Fig. 8a .
The yield strength of austenitic microstructures mainly depends on the grain-boundary strengthening, which is known as the Hall-Petch effect [18, 21] :
where k HP is the hall-Petch coefficient, d γ is the austenite grain size and σ 0 is the off-set stress and contains the contributions from the solid solution, precipitation and dislocation forest: σ 0 = σ ss + σ ppt + σ ρ . Previous investigations in similar high-alloyed austenitic stainless steel such as AISI 301, 316 L and S304H [19, 20, 50] , have revealed Hall-Petch parameters of σ 0 = 205 MPa and k HP = 395 MPa μm -1/2 for austenite grain sizes varying from 0.20 to 6.50 μm. Introducing these Hall-Petch parameters and the experimental austenite grain sizes measured for fully austenitised microstructures (360-440 nm, see Table 1 ) in Eq. (5) renders yield strength values in the range of 800-865 MPa, which are similar to or lower than those obtained experimentally. This confirms that the austenite grain size is the main controlling strengthening mechanism in partially and fully austenitised microstructures within region ③. The heating rate does not affect significantly the yield strength since heating to A F at rates of 0.1-10°C/s results in similar austenite grain sizes. This also reflects that the formation of different volume fractions of χ-phase precipitates of 50-150 nm upon different heating rates (Fig. 2) barely influences neither the yield strength nor the tensile strength. Additionally, thermodynamic calculations predict the complete dissolution of the Ni 3 (Ti,Al) precipitates in martensite at 650°C. Assuming that the dissolution process is shifted to higher temperatures in a similar magnitude as the A S with respect to the bcc-to-fcc equilibrium transformation temperature, the dissolution of the Ni 3 (Ti,Al) phase should be complete in dual microstructures with austenite volume fractions of about 0.70. In contrast to microstructures within regions ① and ②, in microstructures within region ③, the predominant presence of austenite plus the martensite softening due to the complete dissolution of Ni 3 (Ti,Al) results in the austenite phase controlling the yield strength [14] . The change of the phase controlling the yield strength from martensite to austenite is pointed as the main cause for the yield strength drop observed when the austenite volume fraction is increased from 0.60 to 0.70 (between regions ② and ③).
The work-hardening ability of dual (α′/γ) and fully austenitised microstructures within region ③ is improved with respect to that of microstructures within region ②. The austenite, as a relatively softer phase than martensite, facilitates the plastic accommodation associated to the α′ → γ transformation and, thus, enables a larger extent of the transformation. This is the main reason for the decrease of austenite mechanical stability with the increase of austenite volume fraction observed in Fig. 6 . The interaction between the plastic deformation in austenite, the formation of mechanically-induced martensite and dispersed islands of martensite creates internal stresses at the α′/γ boundaries that help to initiate plastic flow in the martensite [14] . As observed by synchrotron x-ray diffraction during in-situ uniaxial tensile loading of a TRIP-assisted duplex stainless steel [38] , the point at which the most part of the load is transferred to the martensite coincides with the point at which the martensite formation rate is the highest. The load redistribution between phases takes place at this point since the martensite becomes the predominant phase in the microstructure [51] ; i.e. the microstructure resembles a dual (α′/γ) microstructure with a martensite matrix, and the plastic deformation in martensite contributes further to the work-hardening of the microstructure. This work-hardening mechanism appears to be optimised in dual (α′/γ) −γ R = 0.70 microstructures. The combination of phase fractions and spatial distribution gives rise to an outstanding strengthening behaviour during tensile testing through an optimum degree of mechanical stability of austenite and an efficient continuous load transfer to martensite.
The mechanical behaviour of dual (α′/γ)−γ R ≥ 0.70 and fully austenitised microstructures is independent of the heating rate and, hence, of the volume fraction of χ-phase. However, the austenitisation at heating rates of 0.1°C/s might deteriorate the corrosion resistance properties of the steel. The formation of a volume fraction of χ-phase of about 0.11 (by heating at 0.1°C/s up to A F ) decreases the overall Cr content in solid solution down to 11 wt. % and, probably, to lower values in the surroundings of the precipitates. Therefore, it is recommended to use heating rates of 1 or 10°C/s in order to minimise the precipitation of χ-phase.
Conclusions
The microstructural role in the mechanical behaviour and strengthening mechanisms of ultra-fine (UFG) grained dual (α′/γ) and austenitic (γ) microstructures is investigated in a cold-rolled metastable stainless steel austenitised upon different isochronal conditions (0.1, 1 and 10°C/s). The mechanical behaviour is influenced by: (i) the nanoprecipitation of the Ni 3 (Ti,Al) phase in martensite, (ii) the volume fraction of austenite and martensite, (iii) the mechanical stability of austenite. A wide spectrum of strength-ductility combinations can be achieved by adjusting the microstructure based on the austenitisation temperature and heating rate, as schematically summarized in Fig. 10 .
• Martensitic matrix. The strength of dual (α′/γ) microstructures with austenite fractions of 0.60 or lower is controlled by the strength of the martensite phase, which is significantly influenced by the heating rate. Decreasing the heating rate increases the volume fraction of nanometric Ni 3 (Ti,Al) particles and promotes the partial recovery of martensite. This nanoprecipitation rises remarkably the strength, while the recovery slightly improves the work-hardening of dual (α′/γ) microstructures with small austenite fractions, with respect to the cold-rolled martensitic microstructure or the use of higher heating rates. Further increase in the austenite volume fraction causes a loss of strength but higher work-hardening abilities and larger elongations. This is attributed to the austenite mechanical stability decrease and thus to a more important contribution of the mechanically-induced martensite formation. • Austenitic matrix. The mechanical behaviour of dual (α′/γ) microstructures, with austenite fractions of 0.70 or higher, and fully austenitic microstructures is barely affected by the heating rate. The yield strength is mainly governed by the ultra-fine austenite grain size (d γ ) and the elongation is improved as the austenite volume fraction increases. The work-hardening is remarkably increased with respect to dual (α′/γ) microstructures with a martensitic matrix due to the presence of martensite dispersed in a relatively softer austenitic matrix. This combination of phase volume fractions and spatial distribution decreases the mechanical stability of the austenite, which allows larger mechanically-induced martensite volume fractions to be formed and leads to outstanding strengthening behaviours via the composite effect.
This study provides fundamental understanding on the microstructural characteristics controlling the mechanical behaviour and stability of ultrafine grained austenite/martensite microstructures in metastable stainless steels. The present results will enable the optimisation of processing routes for the design of microstructures within a broad window of mechanical properties. 
